INTRODUCTION
============

Radiotherapy (RT) is a non-invasive method and is considered as one of the most widely used therapeutic methods for cancer treatment.[@B1][@B2] More than half of all cancer patients receive radiation during their treatments.[@B3] In the RT, the high energy radiation beam emitted from an external source is used to destroy the cancer cells.[@B4] However, in contrast, normal tissue tolerance around cancer cells restrains the treatment efficacy of cancer cells.[@B5] In addition, conventional RT methods can result in serious side effects because there is no discrimination between cancer cells and surrounding normal tissue. Therefore, some undesirable outcomes may occur due to healthy tissue irradiation. It has always been the researchers\' efforts to find a way to increase therapeutic efficacy and, at the same time, to reduce side effects.[@B6] In this regard, the combined therapeutic methods have been reported to be more effective in achieving these goals.[@B7][@B8][@B9]

Another treatment regime with an undeniable role in medicine is the therapeutic ultrasound (US). US, which is based on non-ionizing radiation,[@B10] is easy and cheap to produce and has greatly improved the field of diagnostic imaging.[@B11] US also has an important role in therapeutic regimens because it increases the permeability of substances within cancerous cells, activating sensitizers[@B12] and imposing heat damage to cancer cells by raising their temperature, the so-called hyperthermia effect.[@B13] The use of US irradiation can also promote the RT for the treatment of cancer tissue and reduce the side effects.[@B8]

One of the ways to increase the treatment efficacy and to reduce side effects is using sensitizer during irradiation.[@B14] Sensitizers are substances that generate more anticancer effects when combined with radiation and due to the localization of energy cause less unwanted effects. They increase the therapeutic effects in several ways, including increasing the probability of radiation interaction,[@B15] producing more reactive oxygen species (ROS)[@B16] and arresting cells at the most sensitive cycle of cell proliferation (G2/M phase).[@B17]

In recent decades, nanotechnology has made great progress and has opened new horizons for other subspecialties in different fields.[@B18] As sensitizer, nanoparticles can improve clinical application problems of some sensitizers, such as hydrophobic. Removing this problem prevents them from aggregation and supports easier injection, better bio-distribution and increased efficacy of sensitizers. On the other hand, the large surface area of nanoparticles has the capability of becoming better sensitizer through modification and functionalization.[@B19]

Also, the enhanced permeation and retention theory (EPR effect) predicted that nanoparticles accumulate more in cancerous tissue compared to normal tissue. This particular property can lead to localize the penetration of nanoparticles into cancerous cells as the therapeutic agent and decrease the unwanted effects due to various treatment modalities.[@B2][@B20] Based on these characteristics, nanoparticles can be a good candidate as new sensitizers.

Between all the studied nanoparticles, gold nanoparticles (GNPs) have been shown to provide some unique advantages which make them ideal for applications in medicine. Easy synthesis, low toxicity, ability to control size and shape during production, biocompatibilities,[@B21] special optical properties, high uptake in mammalian cells, higher atomic number relative to human tissues,[@B22] high ability to absorb light relative to organic dyes (millions of times),[@B23] and anti-angiogenesis property[@B24] are among the reasons that are of great interest for such nanoparticles. These properties have led to the use of these nanoparticles as a sensitizer in combination with different modalities.[@B24][@B25][@B26]

Up to now, many studies have proven the combination of sensitizers with various radiation modalities can increase treatment efficiency together with reduced side effects.[@B24][@B26] Addition of sensitizer to RT may increase radiosensitivity of the cancer cells,[@B5] and also applying US wave also causes synergetic effects.[@B9] In addition, the combination of sensitizers with US radiation is known as a roughly new approach for cancer treatment, called sonodynamic therapy.[@B27]

Very few studies have evaluated the combined effect of RT with US wave along with nano-sensitizers, as far as we know.[@B9] To the best of our knowledge, no studies have investigated the sonodynamic-radiosensitivity (SRS) effects of GNPs when combined with low-intensity US and X-rays as combined effects of sonodynamic therapy with RT.

Consequently, the purpose of this study was to investigate the effect of US irradiation alone on RT as well as to measure the SRS factor due to the different concentrations of GNPs (0.2, 1, and 5 μg/mL) and US irradiation with the various intensities (1 MHz; 0.5, 1 and 1.5 intensities, 60 seconds) when combined with 6 MV X-ray radiation (0.5, 1, and 2 Gy) on the HeLa cell line.

METHODS
=======

Synthesis of GNPs
-----------------

All the chemical compounds used in this research were purchased from Merck (Darmstadt, Germany) and Fluka (Buchs, Switzerland). Hydrogen tetrachloroaurate (III) trihydrate (HAuCl~4~.3H~2~O, 99.5% purity) and sodium citrate dihydrate (C~6~H~5~Na~3~O~7~.2H~2~O) were purchased from Merck.

GNPs were prepared by the chemical reduction of HAuCl~4~ in the presence of citrate.[@B28] The preparation method was as follows: glassware used in this experimental procedure was cleaned in aqua regia, washed with deionized water, and then dried in oven. The 5 mL of 0.2% (w/w) HAuCl~4~ aqueous solution and 90 mL of deionized H~2~O were heated under reflux and stirring. Then, 5 mL of 1% (w/w) sodium citrate dihydrate solution was added in one-step. The pale-yellow colour of the solution was changed to deep red. The solution was refluxed for 15 minutes after the colour change. Next, the solution temperature was allowed to reach room temperature. Finally, the GNPs were purified by filtration, centrifugation and double re-precipitation from distilled H~2~O.

Characterization techniques
---------------------------

UV-visible (UV-vis) absorption spectroscopic measurements were performed using UV-vis spectrometer (Agilent Cary 100; Agilent Technologies, Inc., Santa Clara, CA, USA), by using quartz cells of 1 cm path length and water as the reference solvent at room temperature. Morphology and size of GNPs were determined using transmission electron microscopy (TEM, Zeiss EM 900; Carl Zeiss AG, Oberkochen, Germany).

Cell culture
------------

We used a cervical carcinoma cells line (HeLa cells) in this study. This cell line was obtained from the Pasteur Institute of Iran. The cells were cultured in High-Glucose Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with fetal bovine serum (FBS, 10%) and pen-strep (1%) inside T-25 cell culture flasks. They were kept inside the incubator containing 5% CO~2~ and adequate humidity at 37°C. The cells were checked every day and, if necessary, their culture medium was changed. This was done approximately every three days. HeLa cells were seeded in 96-well and 24-well plates (Zhejiang Sorfa Life Science Research Co., Ltd., Huzhou, China) and interventions were begun after the incubation of the cells for 24 hours in these wells.

Cells doubling time calculation
-------------------------------

One of the most important features of the cell is the time it takes to duplicate (Doubling Time). To measure this time, 20,000 cells/well were first seeded in a 24-well plate, and then every day, the number of cells for three wells were counted two times. This process was continued for up to 10 days. The information was plotted in a semi-logarithmic diagram, showing the gradient of the graph representing the doubling time.

US and RT irradiation procedure
-------------------------------

In this study, US waves were used at a frequency of 1 MHz and intensities of 0.5, 1, and 1.5 W/cm^2^. These waves were produced using a therapeutic US generator (Novin, 215X, joint product of Iran and England) with 4 cm^2^ transducer area. The cells were irradiated vertically for 60 seconds.

RT was performed with a superficial X-ray irradiator (Philips Medical Systems, Amsterdam, The Netherlands) operating at 6 MV and 80 mA. The cells were irradiated at doses of 0.5, 1, and 2 Gy at a dose rate of 100 rad/min. Dosimetry was performed with a 2570/1 Farmer Dosimeter electrometer (NE Technology Ltd., Cambridge, UK).

Cell survival assay
-------------------

### The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

Cell viability was measured by MTT assay. This test evaluates the metabolic activity of mitochondria in live cells and is one of the most common tests for measuring cell survival. First, we completely removed the culture medium, and then 90 μL medium without FBS and 10 μL MTT (50 mg/mL in phosphate-buffered saline \[PBS\]) were added to each well. Then, the plate was incubated again for 3 hours. After this time, the live cells change the colourless tetrazolium compound to an insoluble blue formazan crystal. The formation of these crystals indicated the mitochondria were healthy and their amount determined the number of living cells. To determine the amount of formed crystals, we added 100 μL of DMSO to each well and then read the optical absorptions at 570 nm through the ELISA reader (Bio-Rad, Hercules, CA, USA).

Cell survival was represented as:

Cell Survival

=

Optical Density of Treated Samples

Optical Density of Control Samples

×

100
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### Trypan blue exclusion assay

Trypan blue staining is another assay of cell survival assessment. We can use this test to dye dead cells. In the live cell, the cell membrane controls the entry of substances into the membrane. But due to lack of this control in the dead cells, trypan blue can penetrate through the membrane and turn them to blue.

In this study, trypan blue assay was done as follows: Initially, the cells were detached from the surface of the 24-well plate and after centrifugation; trypan blue was added to them. Finally, the counting process of the number of the dead and live cells was performed under a microscope using a hemocytometer.

Viability is also indicated by:

Viability

=

Number of Counted Live Cells

Total Number of Cells Counted

×

100
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Experimental method
-------------------

HeLa cells were seeded in 96-well and 24-well Sorfa plates with 4,000 and 50,000 cells in each well, respectively. After planting, they were allowed 24 hours to adhere to the bottom of the plates\' surface. Then, cells were treated with different concentrations of nanoparticles for another overnight.[@B5][@B29] After completion of this time, the cell culture medium was completely removed, and the cells were washed three times with PBS to ensure that any nanoparticle was in the well. The fresh culture medium was then added to the well and exposed to X-ray irradiation. Then cells were exposed to US waves. Finally, cell survival was investigated using MTT and trypan blue assay 24, 48, and 72 hours after the intervention. We used 96-well plates for the MTT assay and 24-well plates for the trypan blue assay. [Table 1](#T1){ref-type="table"} shows the brief processes of the current experiment.

###### The types of intervention in different treatment groups; the interval between each intervention was 24 hours
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  Groups                   Cell seeding   Adding GNPs   RT/US irradiation   Cell survival assay (24 hr)   Cell survival assay (48 hr)   Cell survival assay (72 hr)
  ------------------------ -------------- ------------- ------------------- ----------------------------- ----------------------------- -----------------------------
  Control                  \*                                               \*                            \*                            \*
  GNPs only                \*             \*                                \*                            \*                            \*
  RT only                  \*                           RT                  \*                            \*                            \*
  US only                  \*                           US                  \*                            \*                            \*
  Radiation group          \*                           RT and US           \*                            \*                            \*
  GNPs + radiation group   \*             \*            RT and US           \*                            \*                            \*

GNPs = gold nanoparticles, RT = radiotherapy, US = ultrasound.

SRS ratio of GNPs
-----------------

The SRS effect of GNPs at various concentrations in combination with different radiation conditions can be derived from cell survival.

SRS was determined using Equation 3:

SRS

=

Cell Survival

US

\+

RT

Cell Survival

US

\+

RT

\+

GNPs
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Statistics method
-----------------

The data were analyzed using SPSS version 22 by one-way analysis of variance test and also Tukey\'s post hoc multiple comparisons for all groups (*P* \< 0.05). Data exhibited on the curves were stated as mean ± standard error of mean and other data were stated as mean ± standard deviation.

Ethical statements
------------------

This article does not contain any studies on human or animal subjects performed by the any of the authors.

RESULTS
=======

The results of the MTT assay (24 and 48 hours) and the trypan blue assay for the various treatment modalities combined with different concentration nanoparticles as well as the synthesis and characterization of nanoparticles and the cell characteristic are expressed completely in the Supporting File ([Supplementary Data 1](#S1){ref-type="supplementary-material"}). The purpose of the current experiment was to assess the role of US wave in the enhancement of RT along with GNPs. The [Fig. 1](#F1){ref-type="fig"} explains the idea of the present study.

![The schematic illustration of the current experiment.\
GNPs = gold nanoparticles, US = ultrasound.](jkms-34-e243-g001){#F1}

The combination effects of X-rays beam with US waves on cell survival
---------------------------------------------------------------------

The combined effects of RT with US waves on cell survival were evaluated using the MTT and trypan blue assays. We evaluated the effects of changes in the intensity and the dose at three different incubation times (24, 48, and 72 hours) following the intervention. Information from both cell survival tests indicates because of the destructive effects of both different modalities; the combination groups (RT+US) were significantly different from RT groups or US groups alone in the same radiation (RT, US) condition (*P* \< 0.05) ([Supplementary Figs. 1](#S4){ref-type="supplementary-material"} and [2](#S2){ref-type="supplementary-material"}). In other words, US irradiation could enhance the effect of RT and that could act alone as sensitizer agent for RT.

Also, the effect of changes due to the US intensity on cell survival depends on RT doses and incubation time. Our results show the radiation treatment (RT+US) at 0.5 Gy and various US intensity (0.5, 1, 1.5 W/cm^2^), 24 hours after incubation did not effect the cell survival between all intensities (*P* \< 0.05) ([Supplementary Fig. 1A](#S4){ref-type="supplementary-material"}). However, 48 and 72 hours after incubation, only the 1.5 W/cm^2^ intensity in combination with X-ray beam (0.5 Gy) caused a significant difference in comparison with the two other intensities (*P* \< 0.05) ([Supplementary Fig. 1B](#S4){ref-type="supplementary-material"} and [Fig. 2](#F2){ref-type="fig"}). Also, our results indicated that, among all the intensities (0.5, 1, and 1.5 W/cm^2^) added to 1 Gy, only 1.5 W/cm^2^ was significantly different from the rest at 24 and 48 hours (*P* \< 0.05). Nevertheless, with an increase the incubation time to 72 hours in the same dose, the change in any intensity makes a significant difference in cell survival (*P* \< 0.05) ([Fig. 2](#F2){ref-type="fig"} and [Supplementary Fig. 1](#S4){ref-type="supplementary-material"}).

![Effect obtained using MTT assay in a change of US intensity in combination with different doses of RT after 72 hours incubation times.\
MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, US = ultrasound, RT = radiotherapy.](jkms-34-e243-g002){#F2}

The highest effect was observed at 2 Gy in combination with 1.5 W/cm^2^ intensity in which the cell survival was decreased up to 41.41% ([Fig. 2](#F2){ref-type="fig"}). A significant difference was observed between all intensities in this dose (*P* \< 0.05).

Trypan blue results for all the different incubation times (24, 48, and 72 hours) approved the results of MTT assay. The cell survival outcome of this assay was approximately similar to the results of the MTT assay ([Supplementary Fig. 2](#S5){ref-type="supplementary-material"}).

The combination effects of RT with US waves on cell survival in the presence of GNPs
------------------------------------------------------------------------------------

At first, in order to investigate the combined effects of RT and US waves in the presence of GNPs, it was necessary to evaluate and measure the cytotoxicity level of nanoparticles on HeLa cells in order to select the appropriate concentrations. For this purpose, we conducted an initial study to evaluate the cytotoxicity of various nanoparticles concentrations (0.2, 1, 5, 25, and 50 μg/mL) on the HeLa cells. We found in the concentrations ≤ 5 μg/mL had no toxicity. Consequently, these concentrations (0.2, 1, and 5 μg/mL) were used in this study. Moreover, the GNPs sizes were about 13 nm and their shapes were spherical ([Supplementary Fig. 3](#S6){ref-type="supplementary-material"}).

The results indicate that the presence of GNPs in the combination of RT with US wave (GNPs+RT+US) can improve the efficiency of radiation treatment (RT+US). These results show a significant difference between combined groups (GNPs+RT+US) and radiation groups (RT+US) at the same radiation condition (*P* \< 0.05) ([Supplementary Figs. 4](#S7){ref-type="supplementary-material"}-[6](#S9){ref-type="supplementary-material"}).

The concentration effect of nanoparticles on the combined group\'s cell survival (GNPs+RT+US) varies in different conditions. After 24 hours of treatment, it is most observed that, the adding 5 μg/mL of GNPs to the radiation treatment groups (RT+US) produces the considerable differences compared to the two other concentrations (0.2 and 1 μg/mL) in the similar radiation group (*P* \< 0.05) ([Supplementary Fig. 4](#S7){ref-type="supplementary-material"}).

The MTT\'s results showed the change effect of concentration on cell survival in the combined groups (GNPs+RT+US) has improved with reaching time to 48 hours after the treatment. These results indicated that in 0.5 Gy, only 5 μg/mL of GNPs in the combined group (GNPs+RT \[0.5 Gy\]+US \[0.5, 1, and 1.5 W/cm^2^\]) can cause a significant difference compared to other concentrations (GNPs \[0.2 and 1 μg/mL\]+RT \[0.5 Gy\]+US \[0.5, 1, and 1.5 W/cm^2^\]) in the same radiation condition (*P* \< 0.05) ([Supplementary Fig. 5A](#S8){ref-type="supplementary-material"}). But comparing the data of combined group (GNPs+RT+US) under the same radiation conditions at doses of 1 and 2 Gy indicates that the change in the nanoparticles\' concentration causes a significant difference in the cell survival (*P* \< 0.05) ([Supplementary Fig. 5B and C](#S8){ref-type="supplementary-material"}).

Finally, the lowest survival was obtained in all combined groups (GNPs+RT+US) after 72 hours post-treatment. The concentration change effect was more visible at this time because of the reduction in the cell survival of the combined group (GNPs+RT+US) ([Fig. 3](#F3){ref-type="fig"}). Comparison of different concentrations at this combined group (GNPs+RT \[2 Gy\]+US \[1.5 W/cm^2^\]) indicated a significant difference in the different concentrations after 24 and 48 hours (*P* \< 0.05). However, due to the high reduction in the cell survival in this combination (72 hours), it is no longer possible to differentiate between concentrations of 1 and 5 μg/mL (*P* \> 0.05). The combined group results for 72 hours are shown in [Fig. 3](#F3){ref-type="fig"}.

![The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5 Gy, (**B**) 1 Gy, and (**C**) 2 Gy dose of X-rays 72 hours after the intervention with MTT assay.\
US = ultrasound, MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, RT = radiotherapy.](jkms-34-e243-g003){#F3}

The effect of change in any used experimental factors (nanoparticle concentration, US intensity, RT dose, and incubation time) on the cell survival of the combined groups (GNPs+RT+US) indicate these effects are dependent on each other, and when each of these factors increases, the change effects of the rest become more evident.

The presence of nanoparticle in radiation treatment regime (RT+US) resulted in the reduced significance in cell survival and increased the cytotoxicity (*P* \< 0.05). Cell survival decreases with increasing RT doses, US intensity, concentration of nanoparticles and incubation time. Overall, the results shown the highest and the lowest reduction in cell survival (95.8%, 41.2%) were obtained in these combined groups, (GNPs \[5 μg/mL\]+RT \[2 Gy\]+US \[1.5 W/cm^2^\], 72 hours) and (GNPs \[0.2 μg/mL\]+RT \[0.5 Gy\]+US \[0.5 W/cm^2^\], 24 hours), respectively. ([Fig. 3A](#F3){ref-type="fig"} and [Supplementary Fig. 4A](#S9){ref-type="supplementary-material"}).

We used another test to evaluate the cell survival to ensure MTT assay results. Trypan blue assay was performed for all groups after interventions at three different times (24, 48, and 72 hours). Their results were approximately consistent with MTT assay results ([Supplementary Figs. 7](#S10){ref-type="supplementary-material"}-[9](#S12){ref-type="supplementary-material"}). The results of this study using the trypan blue assay also showed the addition of nanoparticles to the combination of RT and US wave produces a significant difference in cell viability (*P* \< 0.05). Trypan blue data also indicated the concentration change effect appears more visible with an increased incubation time. Also, the highest reduction in cell survival was 94.9% in this group (GNPs \[5 μg/mL\]+RT \[2 Gy\]+US \[1.5 W/cm^2^\], 72 hours) ([Supplementary Fig. 9C](#S12){ref-type="supplementary-material"}).

As stated above, the significant differences in the reduction of survival fraction can be seen in the radiation treatment group (RT+US) compared to the treated combined groups (GNPs+RT+US) at different nanoparticle concentrations and considerable differences existed between each of these component radiation groups alone (RT or US) and with radiation (RT+US) at the same radiation condition, suggesting a synergistic effect.

SRS effect of GNPs
------------------

The SRS effect of GNPs at various concentrations in combination with different radiation conditions calculated according to equation 3. We calculated this parameter for each cell survival assay, including both MTT and the trypan blue assays ([Supplementary Tables 1](#S2){ref-type="supplementary-material"} and [2](#S3){ref-type="supplementary-material"}). These calculations were done in different combinations of RT dose (0.5, 1, and 2 Gy), US radiation (0.5, 1, and 1.5 W/cm^2^) and the concentrations of nanoparticles (0.2, 1, and 5 μg/mL) at three different incubation times (24, 48, and 72 hours). These results showed that, by increasing any of these 3 factors, the SRS factor of nanoparticles increased ([Table 2](#T2){ref-type="table"}). The lowest SRS factor was observed at nanoparticles concentration of 0.2 μg/mL in combination with 0.5 W/cm^2^ and 0.5 Gy. By increasing any of these parameters, the SRS factor of nanoparticles was increased. As expected, the maximum value of SRS factor occurred when the maximum value of each parameter was used ([Table 2](#T2){ref-type="table"}). Comparison of SRS value with incubation time indicated that there was an increase by increasing the incubation time from 24 to 72 hours.

###### The value of calculated SRS ratio in 0.5, 1, and 2 Gy with MTT assay 72 hours after the intervention
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  X-ray dose    US intensity   SRS                         
  ------------- -------------- ------------- ------------- -------------
  0.5 Gy        0.5 W/cm^2^    1.41 ± 0.05   1.46 ± 0.09   1.73 ± 0.06
  1 W/cm^2^     1.50 ± 0.04    1.64 ± 0.05   1.87 ± 0.09   
  1.5 W/cm^2^   1.53 ± 0.05    1.71 ± 0.07   2.00 ± 0.08   
  1 Gy          0.5 W/cm^2^    1.54 ± 0.04   1.70 ± 0.06   2.09 ± 0.09
  1 W/cm^2^     1.67 ± 0.07    1.95 ± 0.12   2.39 ± 0.16   
  1.5 W/cm^2^   1.92 ± 0.09    2.39 ± 0.13   3.31 ± 0.31   
  2 Gy          0.5 W/cm^2^    2.93 ± 0.17   3.95 ± 0.23   5.59 ± 0.83
  1 W/cm^2^     3.99 ± 0.37    6.84 ± 0.75   9.13 ± 0.80   
  1.5 W/cm^2^   5.08 ± 0.49    8.02 ± 0.73   9.93 ± 0.93   

SRS = sonodynamic-radiosensitivity, MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, US = ultrasound, GNPs = gold nanoparticles.

DISCUSSION
==========

One of the most important goals of any therapeutic modality is to increase the efficacy of treatment and reduce the side effects to improve the quality of the patient\'s life. This study was conducted to evaluate the efficacy of using combined treatment modalities such as RT in combination with sonodynamic therapy and to measure and evaluate the SRS effect of GNPs in this combination.

For this purpose, this study can be assessed in two ways: i) the combined effect of X-ray+US wave and ii) the SRS role of GNPs.

The results of cell survival at the different incubation times (24, 48, and 72 hours) indicated the combination of RT with US waves have a significant difference compared to any other treatment modality. It was observed with increasing RT dose or US wave intensity, the cell survival was significantly decreased (*P* \< 0.05). The maximum decrease of these combinations (RT+US) was approximately 59% and occurred 72 hours after the treatments in this condition at (RT \[2 Gy\]+US \[1.5 W/cm^2^\]) ([Fig. 2](#F2){ref-type="fig"}).

Jun-Qun et al.[@B8] conducted a study on 89 patients with rectal cancer who received high-intensity US radiation (3.5 MHz and 1,300--1,700 W/cm^2^) during their treatments. Their patients were exposed to US for 60--90 minutes (firing time 0.13 to 0.20 seconds, interval time between shots 0.2 to 0.3 seconds) in each treatment session after receiving 2--3 Gy of X-ray. They found 22.5% of the patients were fully recovered and the size of the tumor in 64% of the patients had a reduction of more than 50%, without showing any complication.

Also, the results of the histological analysis of Czarnota et al.[@B30] during the combination of US wave and RT on mice showed that 44% of cells could be killed with 2 Gy dose in combination with 10 W/cm^2^ intensity (US exposed for 750-ms in 5 minutes).

The results of the above studies confirm our results on the combination of X-rays and US. The differences in the rate of treatment efficiency can vary in different experimental conditions such as the type of study (in vitro or in vivo), type of cell, the US wave\'s characteristic (frequency, intensity, and exposure time), and the characteristic of X-ray (beam energy and radiation dose).

Ionizing radiation affects the cells in two ways, directly and indirectly. In the direct way, the radiation interacts with the cells and affects them.[@B31] Many studies have described that DNA, as the most important target, can be damaged due to direct X-rays interactions.[@B32] While, for the indirect effects, the radiation interacts with the environment around the cells and leads to the production of ROS. ROS can cause a decrease in cell survival by damaging other components such as DNA, proteins, lipids, and mitochondria.[@B31]

US waves cause the biological effects through mechanisms such as cavitation, increase in temperature and mechanical stress. Nevertheless, the most important effect is the cavitation phenomenon.[@B33] It should be noted that this phenomenon causes the production of bubbles. Some bubbles rise to a certain size and start to oscillate about their equilibrium radius for many acoustic cycles (non-inertial cavitation). This oscillation causes stress and dysfunction in the cells.[@B27] But the most important effect happens when these bubbles collapse (inertial cavitation). Collapse of these bubbles causes high temperature and pressure (5,000 K and 800 Pa)[@B34] and also produces a light that is called sonoluminescence. Some pyrolysis reaction can occur in the medium for such an energy release and this results in ROS production. Also, the producing sonoluminescence can be absorbed by other materials.[@B33]

The results of the addition of GNPs in different concentrations to X-ray and US wave showed the SRS effect of nanoparticle at all concentrations ([Table 2](#T2){ref-type="table"}). The value of SRS was increased with increasing nanoparticle concentration, US intensity and, X-ray dose. The SRS value of nanoparticles showed that they can improve treatment efficacy up to 9.93 times ([Table 2](#T2){ref-type="table"}). In addition, the results indicate that the combination of these factors can reduce cell survival up to 95.8% ([Fig. 3C](#F3){ref-type="fig"}).

Kuo et al.[@B9] have studied the sensitizing effect of protoporphyrin IX conjugated to SO~2~ nanoparticles and decorated with gold nanoparticle on cervical carcinoma cells (HeLa). They found that, adding this sensitizer (0.5 μg/mL) to US wave (1 MHz, 0.4 W/cm^2^, 10 minutes with 20% duty ratio) and RT (6 MV, 2 Gy) indicated the combination therapy was more effective than single treatment. In this study, this combination can reduce cell survival (up to 50%) 24 hours after the intervention. This difference in the results of our studies with the mentioned studies can be due to different experimental conditions, as previously stated.

The different mechanisms have been proposed for the sensitizing role of GNPs when combined with RT or US irradiation. For the radiosensitivity effect of GNPs, it can be mentioned that the atomic number of the GNPs was approximately 11-times of the tissue atomic number. This causes considerable increases in the number of x-ray interactions in the tissue which mainly depends on the energy of the beam.[@B5][@B15] Also, Roa et al.[@B17] showed that GNPs can arrest the cells in their G2/M stage of cell proliferation. This is the most sensitive stage in the cell proliferation to radiation.

There are some reasons for the sonosensitizing effect of GNPs when combined with US wave. The existence of a particle in medium, reduces the cavitation threshold.[@B35] GNPs have high absorption coefficients and can easily absorb sonoluminescence. Brazzale et al.[@B23] stated that the absorption of these lights will quickly increase the temperature of the nanoparticles and causes more ROS. This might be considered as another reason for the sonosensitizing effect of GNPs in combination with US wave.

These results showed the combination of US and X-rays with and without GNPs as a sensitizer agent is far more potent than of these modalities alone, which is in line with our findings. Cell survival assays have been performed using MTT assays that consider the mitochondrial activity in the cell and this result was confirmed with the trypan blue assay. We believed that one of the key basic mechanisms to reduce the cell survival in this study can be due to the increased damage to DNA by X-rays and the role of amplified ROS in mitochondria which increase the damaging DNA and prevent its repair as well as the probability increased temperature into cancer cells due to gold nanoparticle in interaction with US wave.

In conclusion, there is a significant effect on HeLa cells when X-ray radiation is combined with US compared to RT alone. Moreover, the results of this study indicated that, the combination of X-rays with US could have a profound effect on cell survival when the cells were conjugated with GNPs as the nano-sensitizer which they can highly increase the treatment efficacy. Therefore, this combination could result in the synergistic effect.

This study is part of an MSc thesis in the Medical Physics and was performed in the Department of Medical Physics, School of Medicine, Isfahan University of Medical Sciences, Isfahan, Iran.
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The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5, (**B**) 1, and (**C**) 2 Gy dose of X-rays 24 hours after the intervention with MTT assay.

###### Supplementary Fig. 5

The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5, (**B**) 1, and (**C**) 2 Gy dose of X-rays 48 hours after the intervention with MTT assay.

###### Supplementary Fig. 6

The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5, (**B**) 1, and (**C**) 2 Gy dose of X-rays 72 hours after the intervention with MTT assay.

###### Supplementary Fig. 7

The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5, (**B**) 1, and (**C**) 2 Gy dose of X-rays 24 hours after the intervention with trypan blue assay.

###### Supplementary Fig. 8

The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5, (**B**) 1, and (C) 2 Gy dose of X-rays 48 hours after the intervention with trypan blue assay.

###### Supplementary Fig. 9

The dependence of cellular survival changes on US intensity and nanoparticle concentrations in (**A**) 0.5, (**B**) 1, and (**C**) 2 Gy dose of X-rays 72 hours after the intervention with trypan blue assay.
